Platelets are anucleated and terminally differentiated cells derived from megakaryocytic, the thrombogenic progenitor cells. They serve as a first line of defense against loss of vascular integrity. They also participate in atherosclerosis and thrombosis in pathological conditions. In recent years, platelets' role beyond hemostasis and thrombosis has been identified. Sophisticated proteomics studies have been able to estimate >500 protein in platelets [2] . These proteins are either inherited from megakaryocytic, or freshly translated from the RNA pool. They have been categorized based on their involvement in functions such as coagulation thrombo-immunological, endocrine, apoptosis, tumor and various signaling events. Among these functions, the immune response has recently gained immense interest. These immune-related proteins are packed in various cellular compartments especially the granules i.e. alpha, dense and lysosomal [3] . We believe that platelets can participate in cytoadherence as well as the immune response which are the hypothesis of this article.
Mouse model of Experimental Cerebral Malaria(ECM)
The Experimental Cerebral Malaria-Model (ECM) is an extensively exploited method for studying cerebral malaria in vivo [4] [5] [6] . In general, the model involves intraperitoneal injection of 10 6 P. berghei ANKA parasites into the C57Bl6 mice, which shows cerebral manifestation by the 5 th day and mortality by the 6 th day. This is due to its high histological, immunological and neurological similarity with the human equivalent. The availability of knock-out mice has accelerated the study on the role of chemokines in ECM. Other groups have used P. yoelii 17XL mice injection in C57bl6 mice as ECM. However, a combination of P. berghei ANKA and C57bl6 is being widely used for ECM studies.
Introduction
Malaria is a mosquito-borne infection caused by Apicomplexan parasites of the genus Plasmodium. These parasites use two hosts and various tissues for their multiplication and survival: the mosquito gut and mammalian erythrocyte and hepatocytes. Every year, malaria affects more than 500 million people, both inhabitants and visitors, of the endemic regions. The disease causes death, disability and economical damage [1] in these zones. Malaria infection results in a variety of clinical syndromes such as Severe Malarial Anemia (SMA), Cerebral Malaria (CM), Placental Malaria (PM) and Malaria Related Acute Lung Injury (MALI). SMA is accompanied by symptoms such as fever, anemia and acidosis. CM is a neurological manifestation of malaria that might result in coma, ataxia and permanent neurological damage. PM affects pregnant women and the fetus causing abortion, anemia and maternal death. MALI is a pulmonary manifestation resulting in damage to the lungs. Each of these conditions is potentially fatal and results from the host-pathogen interaction. The role of platelets in the host's immune response and malaria pathogenesis is widely recognized. In this context,
Platelet cytoadherence and cerebral malaria
Cytoadherence is a crucial step for the pathogenesis initiated by P. falciparum in humans and the equivalent parasite in experimental animal models. P. falciparum parasites export their erythrocyte membrane protein 1 (PfEMP1), encoded by variable genes (var genes), to the surface of infected erythrocytes (iRBC). This enables them to adhere to the microvasculature and assist in evasion from immune clearance by the spleen. Experimental blocking of these cytoadherence results in increased mature iRBC in the circulation, supporting this hypothesis. There are approximately 60 var genes in each parasite genome. However, only one is actively transcribed at a time. The remaining genes are kept silent through a molecular process called "mutually exclusive expression" [7] . It has been suggested that cytoadherence is a critical step for the progression of CM. Cytoadherence leads to the activation of endothelial cells in brain's microvessels and promotes endothelial cell rigidity and apoptosis. iRBCs adhere to the endothelial cells of brain's microvessels and initiate neuroinflammatory processes and vascular inflammation. This recruitment of iRBC to the endothelium can be direct or mediated by platelets. iRBC accumulation in brain microvessel results in a threefold increase in Blood Brain Barrier (BBB) permeability, which causes leakage of the proteins from serum into the central nervous system. The presence of these foreign proteins results in activation of the microglia, and further release of proinflammatory cytokines causing damage to astrocytes, pericytes and other glial cells.
There is strong evidence that sequestration, a type of cytoadherence, of infected erythrocytes iRBC in brain microvessel plays a key role in CM pathogenesis [8] [9] [10] . Studies suggest that the most effective anti-parasite therapy may not be able to guarantee 100% recovery in case of severe malaria. Indeed, sequestered, parasites rapidly return to circulation once the therapy is completed. An important consequence of the cytoadherence phenomenon is the injury of microvessels and consequently, organ damage. Therefore, it is important to administer therapy combining the blocking of cytoadherence with antimalarial drugs for complete recovery. It must also be noted that switching to a different class of var gene can also contribute to immune evasion by the parasites. Therefore, studies involving the role of platelet in cytoadherence are necessary from the perspective of variant transcription of Pf EMP.
Since mice expressing var gene binding proteins on RBC are still under development, most researchers use in vitro studies [11] . A study on children with CM and Uncomplicated Malaria (UM) from South Benin, Africa [12] investigated the cytoadherence phenotypes of iRBC regarding CD36, ICAM-1, and CSPG with numerous var gene transcripts. The study helped in determining the cytoadherence during CM in relationship to a specific transcription profile of Pf EMP-1 variants. In addition, the authors showed increased binding of iRBC to CD36 in CM patients compared to UM. The study further demonstrated that CM isolates highly transcribed var gene groups A, B, var2csa, var3, DC8 and DC13 compared to UM parasites and that group B protein binding to CD36 is predominantly responsible for CM progression. However, it fell short in explaining the specific domain from group B protein that may result in binding. To be therapeutically relevant, the domain of protein involved in binding must be identified. This binding domain could further be used as a target for the development of antibody or inhibitor. Also, this study failed to address the role of platelets in CM pathogenesis. The possibility of a relationship between a parasite's switch to a different class of var gene enabling adhesion to the vascular bed and platelet's presence in spatial-temporal manner, should be considered when exploring underlying mechanism in CM pathogenesis. Therefore, an elaborate study is needed to understand the role of platelet-mediated cytoadherence in CM using similar expression cassettes. Numerous laboratories have attempted to develop var gene transcript expressing mice for the study of the mouse model of cytoadherence [12] . This would reveal the dependence of each category of malaria pathogenesis with different var gene products.
We have demonstrated a role of CD36 in platelet activation in case of malaria infection [4] . Although CD36 is an important platelet receptor in the process, the involvement of platelet surface ICAM-1 cannot be ruled out. Another cell surface protein expressed both on endothelial cells and platelets is the Von WilleBrand Factor (vWf). Expression of this factor is observed high in the serum of patients with malaria [5] . The role of vWf in CM cytoadherence is less studied than in other conditions. In the diseases such as atherosclerosis and thrombosis, vWf is considered as a diagnosis marker and is often the target of therapy [13, 14] . Similarly, therapies in autoimmune diseases have also suggested the targeting of CD36 and ICAM-1 in various conditions [15] . Another theory proposes a combination of host-mediated cytoadherence and proinflammatory cytokines, preferably released by platelets, working in tandem to cause cerebrovascular damage [16] . Therefore, the study involving chemokines in combination with cytoadherence is important for complete understanding of the pathogenesis of the condition [17] .
Platelet -specific cytokines and cerebral malaria
Another aspect of the infection, equally important as cytoadherence, is the expression of cytokines during the acute phase of the disease. All this work has demonstrated the role of a platelet-specific chemokines, CXCL4 (Platelet Factor 4 or PF4), in CM using an ECM model [4] . CM is a cerebral manifestation of malarial infection and mostly afflicts the children under the age of five in the endemic zone. Pathogenesis of CM includes the brain's micro-capillary obstruction, inflammation and BBB breakdown. We have demonstrated that the CXCL4 participates in the progression of CM. Also, CXCL4-mediated cerebral damage is accompanied by T-Cell and monocyte activation plus consequent BBB breakdown [18] [19] [20] [21] . Both platelets and monocytes can release the cytokines upon the onset of CM. We also demonstrated the involvement of platelet surface CD36, associated with cytoadherence and activation of platelets and responsible for the release of cytokines such as CXCL4. We have also performed studies showing that CXCL4-/-mice have reduced mortality from CM [4] . Damage caused by CXCL4 progresses through T-Cell and monocyte activation and migration resulting into BBB breakdown [19] [20] [21] , which in turn also results in increased permeability of cerebral micro-capillaries. Other groups have also demonstrated that T-Cell activation is an important step in CM progression [22] . Another set of studies, conducted by us included the treatment of ECM mice with interferon beta [23] and Resveratrol (in press). These rescue processes progress through the suppression of T-Cell migration as shown in these experiments. Therefore, it is clear that effects of platelet secreted chemokines are mediated by the activation of T-cells, monocyte and macrophage cells. In ECM studies, both CD8+ T-cells and CD4+ T-cells were found to be activated by CXCL4 overexpression. In addition, our work on knockout mice has demonstrated that CXCR3, a G Protein Couple Receptor (GPCR), is activated and participated in pathogenesis [4] . The receptor CXCR3 is highly expressed on T-cells and has been widely studied in other diseases. The CXCR3-/-mice are completely rescued from death in ECM model. Our study has clearly indicated that the axis of "CXCL4-CXCR3 -T-cell activation" is critical in the CM pathogenesis.
Besides its role on pathology, CXCL4 also participates in parasite clearance in early stages of the infection [24] . This is in the harmony with the recently discovered fact that platelets participate in early protective phases during malaria, which suggests that reduction in the count of platelets or the CXCL4 neutralization cannot be considered as a therapeutic measure. There is a possibility that, from an evolution point of view, baseline serum levels of CXCL4 might have granted a survival advantage to the infected host. In addition, the receptor CXCR3 is vital for various cellular functions, therefore, blocking of these receptors can be potentially harmful. This undermines the CXCL4/CXCR3 interaction blocking as a target for CM treatment. However, CXCL4 can also act via heteromerization with other chemokines to induce pathogenesis, for instance-CXCL4/CCL5 and CXCL4/IL8 heteromerization [25] . Moreover, the heteromeric form of CXCL4 may also bind to receptors other than CXCR3, for the activation of T-cells. Blocking these heteromerization may require further studies and can be a valuable therapeutic target as it has been shown in the case of aortic aneurysm [26] .
In addition to CXCL4, numerous other platelet-specific chemokines and inflammatory cytokines have been identified. These chemokines are either produced by platelets or taken up by them at a different site and delivered at the affected tissue. These chemokines are released upon platelet activation and participate in a variety of inflammatory processes. Few examples of important platelets secreted chemokines include CCL5, CXCL5, CXCL7, CXCL12, CXCL16, MIF and plasminogen inhibitor [27] . These chemokines play an important role in vascular inflammation. While many of them have clear involvement in T-cell activation, not much has been explored in relation to the CM. It is feasible that chemokines act alone or in combination with other chemokines to activate T-cells. Simultaneously, they might activate other pathogenic immune cells including monocytes, macrophage and leukocytes. In humans, T-cells express different receptors which respond to platelet-specific chemokines; these include CCR1, CCR5, CXCR1, CXCR2, CXCR4, and CXCR6. The chemokines CXCL7, highly expressed during platelet activation, is associated with malaria infection and binds to CXCR1 and CXCR2 receptors. The chemokines, CCL5, binds to CCR1 and CCR5 and can activate T-cells. Platelets also express CXCL12 which binds to the T-cells' CXCR4 receptor. The chemokines CXCL16, expressed in platelets is relatively less studied. This chemokine exclusively binds to CXCR6 receptors and it has a vital role in T-cell activation and migration. The chemokines CXCL5 and MIF may also have a role in T-cell migration and need to be studied in the context of CM pathogenesis. Studies have demonstrated that serum values of these chemokines are either elevated or reduced upon infection. For instance, CXC12 levels are reduced in relation with malaria pathogenesis. In addition, these chemokines can also act via heteromerization as explained before. However, the role of each of these chemokines and their receptors requires investigation in cases of cerebral malaria using ECM models [28] .
Platelets and MALI and PM
One less studied form of pathogenesis arising during P. falciparum infection is known as malaria acute lung injury (MALI) [29] . It has been observed in non-juvenile patients with malaria and involves pulmonary damage. There is strong evidence suggesting that platelets play an important role in nonmalaria Acute Lung Injury (ALI). ALI is highly correlated with neutrophils activation in diseases which may be accompanied by platelets activation and release of CXCL4. The human lungs possess megakaryocytes that can actively produce highly reactive platelets. During ALI, platelets have been found to directly interact with neutrophils by engaging numerous cell surfaces receptors such as Glycoprotein Ib and Glycoprotein IIb Beta III [30] . Also, CXCL4 has been found to initiate various processes that can activate neutrophils and promote alveolar infiltration. The involvement of this platelet-leukocyte interaction in malaria pathology requires experimental confirmation. An interesting starting point for these studies could be the exploration of the platelets activation and interaction conducting to cytoadherence and promoting MALI [31] . Several mice models have been developed to study the chemokines' role in MALI. These include infecting mice with P. berghei to reach high parasite as until respiratory distress is developed. These studies would help to understand not only the platelets but also the T-cell's role in MALI. In recent years, the role of T-cells in the pathogenesis of non-malaria related ALI has also been explained [32, 33] . It is possible that the activation of T-cells can be mediated by expression of platelet-related chemokines both in ALI and MALI. Therefore, it is imperative to conduct studies highlighting the role of platelet-specific chemokines in the progression of MALI with respect to T-cell activation. Similarly, placental malaria (PM) has also been associated with the platelet mediated cytoadherence and cytokines release [34] . Since PM continues to be a serious condition for mothers, a systematic study is expected to further contribute to outline the role of platelets. Mice expressing human var gene transcripts would help in further understanding of this process.
Conclusion and Future Direction
Pathogenesis in severe malaria is highly correlated with platelets activation. Both platelet-mediated cytoadherence as well as chemokines release, appear to be equally responsible for pathogenesis. A unified hypothesis combining both plateletmediated cytoadherence and chemokines release is being accepted in CM and can also be acceptable for other types of severe manifestation of malaria. As shown in figures 1,2, onset of malaria can activate the platelet due to interaction with iRBC. Activated platelets can adhere to endothelial cells causing obstruction and sequestration. In addition, this might cause a local and overall increase in inflammatory cytokines and chemokines resulting vascular inflammation and damage. However, as discussed in this review, most of the observations are preliminary and require further exploration before their application in therapeutic strategies. Therefore, further investigation is required to identify downstream of platelet activation that can be use as a target for therapy. In future, it would be beneficial to perform studies to understand the role of platelet-specific cytoadherence, chemokine release and T-cell activation in the pathogenesis of CM, MALI and PM. Commonly expressed platelet specific chemokines such as CXCL7 and CCL5 (and their receptor's) may have a role in T-cell activation during CM. ECM studies engaging global and conditional knockout mice with unexplored chemokines and their receptors might give a valuable information that can help in understanding the pathogenic process. It might also prove valuable to explore the miRNA expression by platelets participating in immune responses. Finally, the involvement of hematopoietic progenitor cells, that may get affected by platelet-related chemokines during severe malaria and platelet interactions with hematological stem cells are other important aspects worthwhile to explore [35] .
